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SUMMARY 
A previous model was developed for the design and observation of deformation effect aimed 
for volcano monitoring in Lanzarote Island. The. model was developed as a generalization of 
the Rundle deformation model assuming as source of the defonnation a center of expansion 
and a gravitational mass embedded in a layered elastic medium compose by several flat layers 
over an infInite half space. The medium is under a general gravitational fIeld. The model, 
essentially the Navier differential equations in an elastic-gravitational medium, is solved 
analytically using the technique of propagator matrix obtaining solutions for deformation, 
potential, gravity and stress changes originate by a magmatic intrusion coming up through 
this stratilled medium. This model is applied to the known cortical structures of two of the 
volcanological actives islands of the Canary Islands, the Islands of Lanzarote and La Palma. 
The results obtained permit an idea of the main observable effects and may be successfully 
used in volcano monitoring. 
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1. INTRODUCTION 
The Canary Islands, located less than 100 km far from the African continent, are formed in 
the continental rise and slope as independent structures. Despite being in a passive margin, 
they are one ofthe volcanic archipelagos with the longest history of eruptions (Arafia, 1991). 
A dozen eruptions have taken place on the islands of Lanzarote, Tenerife and La Palma 
between 1500 and 1971 (Table 1). At present, the only surface manifestations of magmatic 
processes are: 
-The residual thermal anomalies associated to the 1730-36 fissural eruption (Dfez-Gil, 
1992) at Lanzarote Island, with surface temperatures of 610°C at 13 m. depth in an 
anomalous area of 5000 m2• 
-Fumarolic activity at the summit of Pico Teide with a temperature of 85°C, in 
Tenerife Island. 
-The cooling rest of the eruption of Teneguia Volcano, at 1971,in La Palma Island. 
The eruptions in the Canary Islands are usually of basaltic magma type, with eruptive phases 
of lava flows associated to the strombolian activity. The eruptions have a duration of a few 
weeks and they originate several volcanic cones with the exception of the fissure eruption of 
1730-36 in Lanzarote. The mean time interval between the eruptions is 40 years or so. 
This volcanic activity, due to its persistence in time, raises a moderate volcanic risk which 
is to be considered in relation with the high density population and the economic activity 
on the Islands. This risk made necessary to develop a program for continuous volcano 
monitoring in the zone with the participation of several National Institutions and in 
collaboration with corresponding Foreign Institutes. 
Besides the continous volcano monitoring projects on the magmatic rests activity, early 80's 
modeling of the main volcanic effects in the Islands was started. Its aim is to procure an 
efficient theoretical base for a better design and understanding of the observations. 
In a first stage the Lanzarote's last eruption rests were studied in order to obtain their 
geometry and depth from magnetelluric sounding (Garcfa, 1985). By using these results it 
became possible, in a second stage, to model the thermal effects observed (Dfez-Gil et aI., 
1987), and understand theoretically their possible origin. 
A global thermodynamic model of the Teide Volcano system (Albert el al., 1990) permits 
to integrate geophysical and geochemical data to explain the origin of the summital fumarolic 
manifestations in Tenerife. 
A deformation model, based on previous works of Rundle (1980, 1982), of the effects 
produced by a volcanic activity has been applied to the known cortical structure of 
Lanzarote volcanic system (Femandez, 1992; Femandez and Rundle 1993a; Femandez et 
aI., I 993a). The deformation model has provided some criteria for the design of 
geodetic observation and the selection of most appropriate instruments for the volcano 
monitoring in Lanzarote. 
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TABLE 1.- HISTORICAL VOLCANISM IN CANARY ISLANDS 
[ LAPALMA I TENERIFE I LANZAROTE· I 
Teide? (1341) 
Teide ? (1393 6 1399) 
Tacande? (XV Century) Mna.Horca (1430 or 1444) 
Teide? (1492) 
Tahuya (May-June 1585) 
Tigalate 
(October-December 1646) 
S.Antonio 
(Nov. 1677-January 1678) 
Siete Fuentes 
(December 1704) 
Fasnia (January 1705) 
Arenas de Giiimar 
(February 1705) 
M.Negra-Garachico 
(May 1706) 
El Charco 
(October-December 1712) 
Timanfaya (1730-36) 
Chahorra 0 Narices del 
Teide 
(June-September 1798) 
Tao, Chinyero y Tinguat6n 
(July-October 1824) 
Chinyero (November 1909) 
S.Juan, Las Manchas y 
Hoyo Negro 
(June-July 1949) 
Tenegu{a 
. (October-November 1971) 
, 
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Moreover a Geodynamic Station was stablished in 1987 at Cueva de los Verdes, Lanzarote 
Island. This laboratory allow us to ckeck instruments and theoretical models applied to the 
monitoring. The selection of Lanzarote is related to the fact that it is the only one of the 
Canary Islands where an important recent eruption (1730-36) has happened. During it 
about '1.3 km3 of lava material has been expelled. There are important residual 
volcanic manifestations, like surface thermal anomalies of 610°C at 13 m depth 
(Diez-GU, 1992b). Otherwise the topographical characteristic of this island, with a maximun 
altitude of 671 m, make it an ideal laboratory for developing simplified mathematical models. 
La Palma Island is a much more complicated system than Lanzarote. There is a big eroded 
caldera in the middle, 2426 m high. The last volcanic eruptions have carried out from North 
to South being formed by small basaltic eruptions which deposits are volcanic edifices 400 
m high. In consequence, although this system is more complex due to the topography, it is 
possible to use simplified models because of the low altitude where the last eruptions took 
place. ' 
The Teide, a stratovolcano 3710 m high, is a geological and topographical complex volcanic 
system. Its eruptive history includes several cycles with explosive manifestations following 
by other phases of basaltic efusive activity. This complex volcano presents serious problems 
to modeling precursor deformation. A recently approved EEC Project, under Environment 
Programme, will permit to perform a deepest knowledge on this aspect. The model described 
in this paper would be only a rough approach to the solution. 
2. DEFORMATION MODEL 
There is a very extensive literature on deformation modeling, most of which does not' 
consider the existence of the ambient gravitational field, the crust being represented by a 
homogeneous, purely elastic half-space. Rundle (1980, 1982) obtains and solves the equations ' 
that represent the coupled elastic-gravitational problem for a stratified half-space of 
homogeneous layers computing potential and gravity changes and deformation at the surface. 
Rundle (1981) develops the numerical formulation needed to compute these perturbations for 
the case of a single layer in welded contact with an infmite half-space. To identify the mantle 
with the infinite half-space, and using a homogeneous layer to represent the earth's crust may 
in some cases be too simple a model. The possibility of developing crustal models with more 
than one layer induced to develop the numerical formulation necessary to obtain explicit 
expressions for solutions in the case of two layers overlying an infinite half-space 
(Fermindez, 1992; Femandez and Rundle, 1993a, 1993b). ' 
The problem lies in calculating the changes in the gravitational potential and gravity, and the 
deformation on the earth's surface due to a magmatic intrusion in the crust, which can be 
detected before a possibleeruption. A model of the earth including an ambient gravitational 
field is considered. To obtain the deformation, potential, and gravity changes, partial 
differential equations for a layered half-space that represents the earth's crust and mantle are 
solved. This half-space is an elastic medium where a source of perturbation, a spherical 
magmatic intrusion, is placed. It is treated as a point source. 
The medium (Rundle, 1980) consists of an elastic layered half-space of p-l isotropic and 
homogeneous layers (Figure 1) where the layers are numbered serially, the highest being, 
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number one. The half-space is designated layer p. A cylindrical coordinate system, with the 
origin at the free surface and with the z axis pointing downward, is considered. The 
corresponding base unit vectors are denoted by (er, ea , ez ). Layer n has width cl. and is 
bounded by the planes Z = Zn.\ , Zn. Then Zo = 0, Zp_\ = H, H being the depth of the 
interface between layer p-l and the half-space. Lame constants and density are denoted by 
h, /h and P respectively. The intrusion is located at (O,O,c). Z positive pointing down into the 
medium makes the value of g positive. 
Using the method of Singh (1970), 
Rundle (1980) solved the equations 
representing the coupled 
elastic-gravitational problem. He 
solved these equations in an infinite 
medium, and used the solutions 
obtained to generate solutions for a 
layered medium, by use of the 
propagator matrix technique 
(Thomson, 1950; Haskell, 1953). 
The generalized static Navier 
equations which couple elastic and 
gravitational effects, satisfied by the 
displacement vector u and the 
perturbation potential c/> in an elastic, 
self-gravitating uniform, infinite 
medium (Love, 1911, Rundle, 1980) 
are 
Figure 1.- Layered half space 
1 p~ Po p~ 
'ifl-u+--V'V.u+-V(u.e )--V</I--e V.u=O 
1-2a j.1 Z j.1 j.1 Z 
(1) 
(2) 
where Po is the constant unperturbed density, G is the gravitational constant, g is the 
unperturbed surface gravitational acceleration, (J is the Poisson ratio and /h is the rigidity. 
The external perturbation gravitational potential and perturbation gravity field are continuous 
across the surface z = ° and vanish as z~ -00. It is considered g to be constant and equal to 
its surface value. It is also necessary for the quantity Q = [vc/> + 41l"Gpou].n, where n is the 
unit normal vector, to be continuous in z except perphaps across singular planes z=constant, 
corresponding to the depth of the internal source. It is also required that displacement, 
normal tractions, and the potential c/> be continuous in z except possibly at the source depth. 
A necessary and sufficient condition for a solution to exist is that the perturbation quantities 
vanish at z ~ ± 00 and that the surface z=O be stress-free. Rundle (1980; 1982) obtains the 
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solution to equations (1) and (2), in the layered medium, in the form 
U=M![XOI(O)PO+Yol(O)Bo]kdk 
o 
and 
M 
f>g=- d<l> =-M! qol(O)JO(kr)kdk+~ouZ 
dz 0 
(3) 
(4) 
where M is the mass of the intrusion and Xo1(O), Yol(O) and qol(O) are the integration kernels 
(functions of the properties of the medium and k); Po and Bo are given in terms of the Bessel 
function of the ftrst kind of order zero Jo(kr) , r being the horizontal distance in the plane 
z=O of the observation point from the intrusion; and {Jo= 4'll'Gpo, Po is the density of layer 
l. A uniqueness theorem can be demonstrated for this solution (Rundle, 1982). 
Fernandez and Rundle's (1993a) results indicate that variations in elastic moduli have a much 
more significant effect than variations in reference density on both the surface displacements 
and gravity changes. Deviations of the half space displacements in the layered medium from 
the homogeneous half space are clearly due to variations in strain arising from changes in 
the elastic moduli. They observed that variations in surface gravity are also influenced far 
more by changes in moduli than by changes in density, implying that changes in density due 
to volumetric dilatation are significantly larger than Bouguer effects caused by changing the 
layer reference densities. Their results indicate that models with uniform density and moduli, 
or even a single layer over a half space, may be too simple to adequately model observed 
gravity and deformation changes in volcanic regions. 
Here we have extended the numerical technique to the case of a medium composed of three 
layers overlying a half space. It allow us to apply this deformation model to two of actives 
islands in the Canarian Archipelago looking for the precursor effects estimation. It is useful 
to design the volcano monitoring observation. 
3. CORTICAL MODELS. PROPERTIES ASSIGNATION. 
To model deformation due to a magmatic intrusion in the crust using the theoretical modeling 
described before, we need layered crustal structures which can be identified with the medium 
considered, the mantle being the infinite halfspace. These are the usual crustal models 
obtained by seismic experiments. It is necessary to assign values to the elastic properties and 
densities of the layers and mantle. The P waves velocity for each layer gives the necessary 
information. . 
It is known, experimentally (Zharkov, 1985) that pressure (p) and temperature changes with 
depth produce changes in P and S waves velocities (Vp and Vs respectively). Temperature 
effect is much smaller than pressure effect (Wollard, 1959) and it will be not considered. 
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The assignation of values of Lame parameters and densities is done using V p values observed 
and p values from PREM: (Preliminary Reference Earth Model) (Dziewonski and Anderson, 
1981). Pressure distribution as function of depth is given in Table 2. 
TABLE 2.~Pressure distribution function of depth from PREM model 
3.370 
24.4 6.040 
Using the values of Vp , Vs, P and p, listed in Birch (1960), Birch (1961), Manghnami and 
Ramananantoandro (1974) and Rybach and Buntebarth (1982), it is possible to express by 
least squares P and Vs as functions of V p and p. The results of the fitting are 
p =a1 +a2, Vp +a3.p 
Vs =b1 +b2• Vp +b3·p 
a l =0.829±O.l31 a2 =0.332±0.020 a3 = -0.025 ±0.005 
hI =0.01O:l:0.211 b2=0.558±0.030 b3=-O.OO5:l:0.006 
(5) 
Then, from V p and p values it is determined the corresponding P and Vs values. Through the 
known relations Vp2 =(')..+2/L)/p and vi=/L/p, the Lame parameters values are obtained. 
4. APPLICATION OF THE MODEL 
Deformation and gravity changes caused by a spherical intrusion in a layered medium are the 
sum of those calculated for a center of expansion and for a point mass (Rundle, 1982). The 
effect of a point mass is represented by ip and the effect of a center of expansion by x. Both 
functions, ip and x, will depend on the radial distance r, the depth of the intrusion c, as well 
as on the parameters 7e which defme the cortical model (layer thicknesses, Lame constants 
and densities). 
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The total effect E, has the expression (Femandez et al., 1993a) 
(6) 
where M is the mass of the intrusion in Mass Unit ( MU , 1 MU = 1015 g), c the intrusion 
depth in km, p pressure in bars, and a the intrusion radius in km . Once the cortical model 
has been selected, I(> and X will only depend on the variables rand c. Using the same 
assumptions as in Femandez et al. (1993) (basaltic intrusion of density 2.8 g/cm3 and a 
pressure of 1000 bars), (6) takes the form 
(7) 
which give an estimation of the effects caused by an intrusion useful for designing geodetic 
observations applied to volcano monitoring. 
LANZAROTE 
Lanzarote's crustal model has two layers over the mantle and a medium thickness of 11.5 
km (Banda et al., 1981). Due to this we can consider it as a layered medium of two layers 
overlying a halfspace. Crustal characteristic, the elastic parameters and densities values 
(Femandez et aI., 1993) are listed in Table 3. Densities are given in g/cm3 and Lame 
constants in 1011 dyn/cm2. 
In Fermindez et al. (1993) it appears that geodetic networks applied to measure deformations 
are useful only in the case of very shallow (4 km depth or smaller) or very big intrusions (I 
km radii approximately). A conclusion from this result is that geodynamic stations are 
necessary to measure both dynamic and geometric effects. Namely, the effects can be 
detected in geodynamic stations with long base tiltmeters and with extensometers and 
gravimeters too. It is highly recommendable to have two stations located on both sides of the 
island. As far as the first station was installed in the northern part, the second should be 
installed in the south of the island. 
TABLE 3.- Lanzarote Crustal Model 
p ft 
(Km) (Vp) Km/s 
4 4.0 2.2 1.065 1. 
2 7-8 5.9 2.8 3.049 3.648 
Mantle 7.4 .2 5.379 6.765 
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Timanfaya National Park, seems to be a most suitable place, as there are strong thermal 
anomalies connected to 1730-36 eruption . Actually, there have begun gravity tidal 
observations in february 1993. 
With the instrumentation mentioned above, recording in both stations, it would be possible 
to measure precursor effects, defOlmations and gravity changes due to almost any intrusion, 
if it is a spherical one, from the crust-mantle discontinuity. But it would be difficult to solve 
the inverse problem, Le. to determine the position of the intrusion, its mass and pressure. 
To complete the process of monitoring and detecting the precursor phenomena, a GPS and 
gravimetric periodic observation networks should be installed, covering the whole island. 
Both networks would give us an overall view of the deformation and gravity change, 
allowing the inverse problem to be solved. 
LAPAIMA 
The existing crustal model from La Palma island is described in Bosshard and MacFarlane 
(1970). Its characteristics and the resulting Lame constants and densities from the application 
of our method are written in Table 4. 
TABLE 4.- La Palma Crustal Model 
11 
T.AYRR 
I I I I I 
VELOCITY p It A 
) (Vp) Km/s 
1 2.26 2.85 1.8 0.461 0.541 
2 1.77 4.49 2.3 1.438 1.762 
3 3.52 5.5 2.6 2.499 2.868 
Mantle 7.2 3.2 5.120 6.349 
First results from the application of the model have been obtained. As is Lanzarote Island, 
it is necessary to have geodynamic stations to carry out volcano monitoring in La Palma too. 
Due to the island characteristics, to have one station looks enough in the volcanic activity 
first step. It would have to be located in his south part. 
Tilmeters, extensometers and gravimeters are again the appropriate instruments. It will be 
necessary, if activity is detected by using these instruments, to have, as in Lanzarote, 
geodetic networks to be able to solve the inverse problem. 
The procedure of volcano monitoring is, therefore, similar in all his sequences to the 
procedure described for Lanzarote. 
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